Histone deacetylase inhibitors (HDACi) have shown both anti-proliferative and redifferentiating effects in thyroid cancer cells. Also, they induce the expression of the sodium-iodide symporter gene (NIS (SLC5A5)), a crucial step for radioiodine treatment of thyroid malignancies. Here we investigated the effects of suberoylanilide hydroxamic acid (SAHA) and valproic acid (VPA) on BCPAP and FRO thyroid cancer cells, extending our analysis on the epigenetic mechanisms underlying the NIS gene expression stimulation. In both cell lines we found a cooperative effect of the two compounds on either cell viability and NIS gene expression, resulting in acquired/increased ability to uptake the radioiodine. Such effect was specific since it was not observed for expression of other genes or when SAHA was used in combination with trichostatin A. By using chromatin immunoprecipitation, we investigated epigenetic mechanisms underlying SAHA and VPA effects. Cooperation among the two HDACi occurred on H3 histone trimethylation at lysine 4 (H3K4me3) and not on histone acetylation. However, effects on H3K4me3 were detected only at the level of NIS Proximal Basal Promoter (NIS-PBP) in FRO cells and only at the level of NIS Upstream Enhancer (NIS-NUE) in BCPAP cells. Our data indicate that epigenetic changes are involved in the synergistic effects of VPA and SAHA on NIS gene expression and that the cellular context modifies effects of HDACi in terms of H3K4me3 target sequence. Investigation of cooperation among different HDACi may provide clues for better defining their mechanism of action in view of their use in thyroid cancer treatment.
Introduction
The sodium-iodide symporter (NIS) is a transmembrane protein that mediates active iodide transport across the membrane of thyrocytes, a fundamental step in thyroid hormone synthesis and for adequate radioiodine concentration to detect and destroy recurrent and metastatic thyroid malignancies (De la Vieja et al. 2000 , Schlumberger et al. 2007 . NIS is encoded by a gene located on chromosome 19p13 consisting of 15 exons and different elements of transcriptional regulation (Riedel et al. 2001) . Analyses of human, rat and mouse NIS (SLC5A5) gene have revealed several binding sites for transcription factors relevant for regulation of its expression, located both in the basal promoter and in the NIS upstream enhancer (NUE; Ohno et al. 1999 , Schmitt et al. 2001 , Taki et al. 2002 , Lin et al. 2004 , Fenton et al. 2008 . Several studies have shown that NIS gene expression is regulated by several factors in a tissue-specific way (Kogai et al. 2006 , Hingorani et al. 2010 .
In the majority of thyroid cancers, and particularly in metastatic lesions, reduction or abolition of NIS gene expression occurs very often (Lazar et al. 1999 , Arturi et al. 2000 . Loss of NIS gene expression is related to some oncogene activation (Trapasso et al. 1999 , Riesco-Eizaguirre et al. 2009 ), leading to iodiderefractory recurrent and metastatic disease associated with a worse outcome in the patients (Schlumberger et al. 2007 ). Attempts to re-introduce the iodine concentration ability in thyroid tumour cells by re-activating the NIS gene expression, therefore, are an important strategy in the field of thyroid cancer research. NIS must be expressed, targeted and retained in the appropriate plasma membrane surface in polarised thyrocytes for active I K transport to occur. In a percentage of thyroid cancers, NIS has been shown to be located intracellularly being unable to mediate I K transport (Dohán & Carrasco 2003) . However, expression in the cytosol compartment has been found to be associated with low levels of NIS gene expression (Sodrè et al. 2008) . Thus, to understand the molecular mechanism underlying NIS gene expression or silencing is of extreme relevance not only for a deep comprehension of the differentiated phenotype of the thyroid follicular cell, but also for clinical applications.
In recent years, several reports have demonstrated the existence of an epigenetic control of thyroid cell differentiation and proliferation occurring in both normal and transformed thyroid tumour cells: in particular NIS gene expression can be greatly up-regulated by treatment with histone deacetylase inhibitors (HDACi; Kitazono et al. 2001 , Furuya et al. 2004 , Puppin et al. 2005 , Russo et al. 2011 . Histone deacetylases (HDACs) are a family of enzymes able to remove acetyl groups from histone tails (Lehrmann et al. 2002) . Histone acetylation, which occurs at lysine residues on the amino-terminal tails, neutralises the positive charge of histones and decreases their affinity for DNA. This post-transcriptional modification changes nucleosomal conformation, increases the accessibility of transcription factors to chromatin templates (Struhl 1998) and, therefore, favours active gene expression. HDACs, by removing acetyl groups, induce chromatin compaction and, therefore, favour gene silencing (Gallinari et al. 2007 ). Over-expression of HDACs and corresponding histone hypoacetylation is a common finding in cancer (Nakagawa et al. 2007 , Fritzsche et al. 2008 , Weichert et al. 2008a . Moreover, several reports indicate that HDAC over-expression correlates with tumour aggressiveness (Weichert et al. 2008b , Suzuki et al. 2009 ). Histone hypoacetylation would favour tumour formation and aggressiveness by silencing tumour suppressor genes (Kristensen et al. 2009 ). It is not surprising, therefore, that compounds able to inhibit HDAC functions have acquired increasing relevance in medical treatment of cancer because of their biological effects such as growth arrest, apoptosis and anti-angiogenesis (Marks & Xu 2009 , Tan et al. 2010 ). HDACi have been tested in vitro and in vivo against various solid malignancies (Tan et al. 2010) ; besides their anti-proliferative action in thyroid cancer cells, they have also shown redifferentiation effects (Russo et al. 2011) . In this context, attention has been focused on the effects on the NIS gene transcription.
In this work, we investigated the mechanisms controlling the expression of the NIS gene induced by HDACi. Various HDACi agents, differing in their chemical structure, were tested, alone or in combination, against two human thyroid cancer cell lines. A cooperative effect among two different HDACi in terms of both NIS gene expression and cell viability was observed.
Materials and methods

Cell lines and transfections
BCPAP cell lines, derived from papillary thyroid carcinoma, and FRO cells, derived from human un-differentiated thyroid carcinoma (Schweppe et al. 2008) , were grown in DMEM supplemented with 10% foetal bovine serum (Invitrogen Corp.). Transfections were performed by Lipofectamine 2000 reagent (Invitrogen Corp.) according to the manufacturer's instructions. In promoter studies, the NIS BPCNUELuc and NIS BP-Luc promoter were transfected in BCPAP and FRO cell lines treated or not with suberoylanilide hydroxamic acid (SAHA) 4 mM and/or valproic acid (VPA) 6 mM for 48 h. The transfection efficiency was normalised by cotransfecting the Rous Sarcoma Virus (RSV)-CAT plasmid, which contains the RSV promoter, linked to the chloramphenicol acetyltransferase (CAT) gene. Cells were harvested 48 h after transfection, and cell extracts were prepared by a standard freeze and thaw procedure. CAT activity was measured by an ELISA method (Amersham). LUC activity was measured by a chemiluminescence procedure (Tell et al. 1998) . SAHA was purchased from Cayman Chemical (Ann Arbor, MI, USA); VPA was purchased from USP (Rockville, MD, USA). Unless otherwise specified, other chemicals used were from Sigma.
Evaluation of mRNA levels
Quantitative PCR analysis of mRNA expression was performed as previously described (Puppin et al. 2005) . Briefly, total RNA from cell lines was extracted with RNeasy protect mini kit (Qiagen). One microgram of total RNA was reverse transcribed to single-strand cDNA using random exaprimers and 200 U MMLV reverse transcriptase (Invitrogen Corp.) in a final volume of 20 ml at 42 8C for 50 min followed by heating at 70 8C for 15 min. Real-time PCRs were performed using the ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). A 25 ml reaction mixture containing 5 ml cDNA template, 12 . 5 ml TaqMan Universal PCR master mix (Applied Biosystems) and 1 . 25 ml primer probe mixture was amplified using the following thermal cycler parameters: incubation at 50 8C for 2 min and denaturation at 95 8C for 10 min, then 40 cycles of the amplification step (denaturation at 95 8C for 15 s and annealing/extension at 60 8C for 1 min). The DC t method, by means of the SDS software (Applied Biosystems), was used to calculate the mRNA levels. Oligonucleotide primers and probes for NIS, PAX8, APE/REF1, Periostin and ASF/SF2 were purchased from Applied Biosystems as Assays-on-Demand Gene Expression Products. Oligonucleotide, primers and probes for CREM, and the endogenous control b-actin are described in Table 1 .
Chromatin immunoprecipitation assay
BCPAP and FRO cells (treated or not with HDACi) were cross-linked by the addition of formaldehyde to a final concentration of 1% for 10 min before harvesting. Plates were rinsed twice with ice-cold PBS and cells were scraped off the plates, suspended in cell lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH 8 . 1) and protease inhibitors) and sonicated to generate chromatin to an average length of about 200-600 bp. After centrifugation at 14 000 r.p.m. for 10 min at 4 8C, samples were diluted tenfold with dilution buffer (0 . 01% SDS, 1 . 1% Triton X-100, 1 . 2 mM EDTA, 16 . 7 mM Tris-HCl (pH 8 . 1), 167 mM NaCl). An aliquot (about 10% of the total) was saved as total input of chromatin and was processed with the eluted immunoprecipitates beginning at the cross-link reversal step. The samples were pre-cleared with 80 ml salmon sperm DNA/protein A Agarose beads for 30 min at 4 8C. Agarose beads were pelleted by centrifugation, the supernatant fraction was collected and immunoprecipitated overnight at 4 8C with 10 mg anti-H3K9K14 acetylated monoclonal antibody (Upstate Biotechnology, Waltham, MA, USA) or H3K4me3 polyclonal rabbit (Active Motif, Carlsbad, CA, USA). As negative control, immunoprecipitation with preimmune serum was performed. Samples and negative controls were incubated with 60 ml of salmon sperm DNA/protein A Agarose beads for 1 h at 4 8C. Agarose beads were pelleted by centrifugation and washed for 5 min on a rotating platform with 1 ml of each buffer: low salt, high salt, LiCl wash buffer and TE buffer. Immunocomplexes were eluted with elution buffer (1% SDS, 50 mM NaHCO 3 ) and cross-links were reverted by incubation at 65 8C for 4 h. Samples were added with proteinase K, Tris-HCl (pH 6 . 5) and EDTA 0 . 5 M and incubated for 1 h at 45 8C. DNA was purified with phenol/chloroform and used as template in a quantitative PCR to detect the presence of NIS proximal basal promoter (NIS-PBP), NIS distal basal promoter (NIS-DBP), NIS-NUE and NIS intron 8 (NIS-INT) elements (Table 1) . After quantitative PCRs, the acetylated or methylated H3 levels were determined by dividing the signal obtained after immunoprecipitation by the signal before immunoprecipitation (input). Results of chromatin immunoprecipitation (ChIP) assays are expressed as fraction of the input.
Viability assay and 125 I accumulation
Three hours before the end of treatment with HDACi, a solution containing MTT 4 mg/ml in PBS was added to 10% in the culture medium. After 3 h the medium was removed and cells were lysed with DMSO. The adsorbance of the samples was analysed at a wavelength of 540 nm with background subtraction at 690 nm. All experimental points were run in quadruplicate.
To measure 125 I accumulation, cells were split and seeded into six-well plates and, after aspiration of the culture medium, they were washed with 1 ml Hank's balanced salt solution (HBSS; Life Technologies S.r.l.) supplemented with HEPES (10 mM, pH 7 . 3). Iodide accumulation was initiated by adding to each well 500 ml buffered HBSS containing 10 mCi carrier-free NaI (Amersham Pharmacia Biotech) and 0 . 1 mM NaI (Sigma-Aldrich S.r.l) to obtain a specific activity of 200 mCi/mmol. In half of the wells, used as controls for NIS-mediated uptake, this assay buffer also contained 10 mM KClO 4 , which is a specific NIS inhibitor. After 30 min at 37 8C, the radioactive solution was removed, and cells were washed with 1 ml ice-cold HBSS. Then, 1 ml of 95% ethanol was placed in each well and left for 20 min before being transferred into vials for counting with a gamma counter. Iodide uptake was expressed as picomoles per microgram of cellular DNA, which was measured as previously described (Arturi et al. 2005) .
Results
Cooperative effects of SAHA and VPA on NIS gene expression We and others have previously shown that TSA and sodium butyrate (NaB) induce NIS gene expression in thyroid tumour cell lines (Puppin et al. 2005) . However, both TSA and NaB are not of common use in therapy; therefore, we tested whether HDACi are widely utilised as anti-cancer drugs such as SAHA and VPA had effects on NIS gene expression in human thyroid cancer cell lines. BCPAP (derived from a thyroid papillary carcinoma) and FRO (derived from an anaplastic thyroid carcinoma) were utilised. First, we evaluated the effects on cell viability, testing several doses of SAHA and VPA at various incubation times. After 48 h treatment, the minimal doses of SAHA and VPA inducing significant decrease of cell viability in both cell lines were 4 mM and 6 mM respectively ( Fig. 1 and data not shown) . Thus, in all subsequent experiments these doses and this time of treatment were used.
Effects of SAHA and VPA on NIS gene expression were next evaluated by quantitative RT-PCR. As shown in Fig. 2 , for all conditions tested, HDACi effects on BCPAP cells were much higher than in FRO cells (note the different scales of NIS mRNA levels in the two graphics). In addition, in both cell lines, SAHA exerted stronger effects than VPA. When cell lines were treated with SAHA and VPA together, the increase of NIS gene expression was much higher than when the two HDACi were separately administered. We name this effect as cooperation between SAHA and VPA. These two HDACi have completely different chemical structures: SAHA is a derivative of hydroxamic acid while VPA is a short-chain fatty acid. Thus, cooperation could be due to partially different mechanisms of action. This hypothesis is corroborated by the finding that when SAHA is administered with another derivative of hydroxamic acid (trichostatin A), no cooperation was observed (Fig. 2) .
Since an increase in NIS mRNA or protein levels does not always result in an increase of iodine uptake , we then evaluated whether HDACi effects on NIS mRNA resulted in modification of NIS function. As shown in Fig. 3 , treatment with either SAHA or VPA determined a small increase of In order to test whether the cooperation between SAHA and VPA is specific for NIS gene, effects of HDACi on other genes were investigated. Transcript levels of PAX8, TTF-1 (NKX2-1), TTF-2 (FOXE1) CREM, TSHR, TPO, APE-REF1 (APEX1), ASF/SF2 (SRSF1) and Periostin upon HDACi treatment of BCPAP and FRO cells were investigated. PAX8 and CREM are involved in the activation of NIS gene expression (Ohno et al. 1999 , Fenton et al. 2008 . As shown in Fig. 4 , heterogeneous results were obtained depending on the HDACi agent, the target gene analysed and the cell line. However, except for the CREM gene in FRO cells, no cooperation was detectable between SAHA and VPA for all the other transcripts examined. In the case of TPO, in all tested conditions absence of NIS mRNA was found (data not shown). Thus, the cooperative effect of the two HDACi on NIS gene expression is specific. Moreover, HDACi may exert different effects in the two different cell lines, depending on the gene context.
In addition to gene expression, we tested whether SAHA and VPA cooperated in terms of cell viability. Data are shown in Fig. 5 . In BCPAP cells, after 24 h proliferation, single SAHA and VPA treatment shows no significant effect compared with untreated cells; however, when the two HDACi are used together, a significant decrease of cell viability is observed. Such a cooperative effect is detected also after 48 h proliferation. In the case of FRO cells, after 48 h, single SAHA or VPA treatment reduces cell growth. However, only when the two HDACi are used together, the number of viable cells is reduced compared to time 0. These data clearly indicate that when SAHA and VPA are used together, cooperation is detected both on cell viability and NIS gene expression.
Mechanisms of cooperation
HDACi act primarily on gene transcription. Thus, to investigate the mechanism underlying cooperation between SAHA and VPA on NIS gene expression, the effects of the two HDACi were evaluated on the activity of transcriptional regulatory elements of NIS gene. A transfection approach was utilised. Plasmids in which transcription of the reporter LUC gene is controlled either by NIS-BP or by NIS-BPCNUE (Taki et al. 2002) were transfected into BCPAP and FRO cells, which were 
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subsequently treated with SAHA and VPA, alone and in combination. As shown in Fig. 6 , in both cell lines single use of SAHA or VPA increased the transcriptional activity of both NIS-BP and NIS-BPCNUE more than the combination SAHACVPA. In both cell lines, the effects of the two HDACi are more evident on NIS-BP than NIS-BPCNUE transfected cells. These data indicate that transfected regulatory elements of NIS gene do not reproduce the cooperative effect between SAHA and VPA observed on NIS mRNA levels.
In order to explore whether cooperation between SAHA and VPA could be explained by changes in the regulation on NIS endogenous gene expression, we focused on epigenetics. In a first set of experiments, histone acetylation was investigated. This posttranslational modification is strongly associated with activation of gene transcription (Shahbazian & Grunstein 2007) . We used an antibody that specifically recognises acetylated lysines at positions 9 and 14 of histone H3 (H3K9K14ac) to perform a ChIP assay. In fact, acetylation of K9 and K14 of histone H3 bound to transcriptional regulatory sequences is a widely adopted mark of gene activation (Rando 2007) . Both the basal promoter and the NUE were investigated, as well as intron 8 of the NIS gene. The NIS basal promoter was investigated at two regions: NIS-PBP and NIS-DBP, located at bases K326 to K259 and K654 to K594 from the translational start site respectively. Results are shown in Fig. 7 . Basal levels of H3K9K14ac for NIS-PBP, NIS-DBP and NIS-NUE in BCPAP cells were much lower than those detected in FRO cells. Therefore, basal levels of H3K9K14ac in the transcriptional regulatory elements of NIS gene do not correlate with basal levels of NIS mRNA, which in BCPAP cells are threefold higher than in FRO cells. In both cell lines, levels of H3K9K14ac at intron 8 were lower than those detected in transcriptional regulatory elements. In both cell lines, for all four investigated regions, SAHA induced higher levels of H3K9K14ac than VPA. For both HDACi, the extent of H3K9K14ac increase was higher in BCPAP cells than in FRO cells; this behaviour correlates with the extent of NIS mRNA levels increase (see Fig. 2 ). When the SAHA and VPA were used together in BCPAP cells, acetylation levels at the transcriptional regulatory elements were intermediate compared to those detected when single HDACi was used. In FRO cells, the combined use of SAHA and VPA induced a great reduction of H3K9K14ac with respect to SAHA at the level of all four investigated regions. It is evident that in both cell lines, SAHA and VPA show no cooperation in terms of modification of H3K9K14ac levels. Therefore, the synergistic action of the two HDACi on NIS mRNA levels is not related to histone H3 acetylation levels.
A different epigenetic modification strictly associated with transcriptional activation is the H3 histone trimethylation at lysine 4 (H3K4me3; Figure 4 Effect of SAHA and VPA on mRNA levels of various genes in thyroid tumour cell lines. BCPAP and FRO cells were treated with the indicated compounds (SAHA 4 mM and VPA 6 mM) for 48 h. RNA was extracted, quantified and reverse-transcribed as indicated in Fig. 2 legend. mRNA levels of PAX8, CREM, APE-REF1, ASF/SF2, Periostin, TSHR, TTF-1 and TTF-2 genes were evaluated as described in Materials and methods. In each graph mRNA levels are expressed as multiple of those detected in untreated BCPAP cells, considered arbitrarily as 100. Each bar represents the mean value of three independent determinations. For all conditions, S.D. was not above 15% of the mean values.
Santos-Rosa et al. 2002).
Since it is known that HDACi are able to increase this epigenetic mark (Nightingale et al. 2007) , in a second set of experiments, effects of SAHA and VPA alone and in combination on the levels of H3K4me3 in NIS-PBP, NIS-DBP, NIS-NUE and NIS-INT regions were evaluated by ChIP. As shown in Fig. 8 , in BCPAP cell line, basal values of H3K4me3 levels for NIS-PBP, NIS-DBP or NIS-NUE were higher than in FRO cells. In both cell lines H3K4me3 levels were much lower in the intron 8 (NIS-INT) than in the transcriptional regulatory regions. In these regions, increase of H3K4me3 levels upon single HDACi treatment was observed in both BCPAP and FRO cell lines, with VPA effects higher than those elicited by SAHA. However, while in BCPAP cells, VPA induced effects higher than SAHA in all three investigated regions, in FRO cells increase in H3K4me3 levels upon VPA treatment was detected only in NIS-PBP and NIS-DBP. When SAHA and VPA were used together, different results were obtained in the two cell lines. In BCPAP cells, only the NIS-NUE element showed H3K4me3 levels significantly higher compared to those detected when either HDACi was used in single. In FRO cells, instead, both the NIS-PBP and the NIS-INT element showed H3K4me3 levels significantly higher compared to detected when either HDACi was used in single. Thus, in both cell lines cooperation between SAHA and VPA was observed in terms of H3K4me3. However, considering transcriptional regulatory elements only, while in BCPAP cells cooperation is exerted on NIS-NUE, in FRO cells the cooperative effect is detected on NIS-PBP. These data suggest, therefore, that the synergistic effects of SAHA and VPA on NIS mRNA levels would be due to changes in H3K4me3 levels. Moreover, depending on the cell line, such a cooperation is exerted on different transcription regulatory sequences of the NIS gene.
Discussion
Epigenetic alterations are one of the novel promising targets for the treatment of various malignancies. In this regard, HDACi are currently tested as single agents or in combination with other anti-cancer drugs in various ongoing clinical trials. Indeed, many reports have described the existence of a cooperation among HDACi and other compounds in modifying gene expression with benefits for anti-cancer therapy (Nightingale et al. 2007 , Marks & Xu 2009 ). In different thyroid cancer cell lines, for example, it has been shown that SAHA synergises with compounds able to inhibit MAPK, PI3K/Akt and mTOR pathways (Hou et al. 2010) . However, to our knowledge, no cooperation among old-generation HDACi has so far been reported. SAHA and VPA are two HDACi with different chemical structures, the first being a derivative of hydroxamic acid and the second a short-chain fatty acid (Batty et al. 2009 ). Though different in chemical structure, each compound is considered a wide-spectrum HDACi, with no selectivity for the various HDACs. However, differences in the action between SAHA and VPA have been described. For example SAHA, but not VPA, is able to inhibit class IIb HDACs (HDAC6 and HDAC10) (Duenas-Gonzalez et al. 2008 , Marks & Xu 2009 ). In contrast, VPA, but not SAHA, induces proteosomal degradation of HDAC2 (Krämer et al. 2003) . In addition to its inhibition of HDACs, VPA has been shown to activate the glycogen synthase kinase-3 (GSK-3)/b-catenin and ERK pathways (Rosenberg 2007) . In a rodent model of traumatic brain injury, VPA, but not SAHA, provides neuroprotection and Effects of HDAC inhibitors on NIS gene expression . C PUPPIN and others 223
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The notion that distinct HDACi may display major differences in biological response has been reinforced very recently (Chang et al. 2012) . In that research, by using different cancer cell lines, it was shown that HDACi trichostatin A and depsipeptide demonstrate distinct phenotypes in the inhibition of cell viability as well as various molecular parameters.
SAHA and VPA, as well as depsipeptide and trichostatin A, have been extensively investigated on thyroid cancer cells showing both anti-proliferative and redifferentiating effects. In particular, an increase of radioiodine uptake, due to restored NIS protein expression mainly detected at mRNA levels, has been described in several pre-clinical models of cells treated with HDACi (Russo et al. 2011) . In this study we demonstrate, for the first time, the cooperativity between two different HDACi in increasing NIS mRNA levels. This cooperative effect of SAHA and VPA is gene and cell-type specific. In fact, when expression of other genes was evaluated, only one of them (CREM) was activated in a cooperative way and in only one cell line (FRO cells) . Cooperation between SAHA and VPA in FRO cells on CREM expression, however, does not result in a cooperation on the transcriptional activity of NIS promoter and NUE (see Fig. 6 ). This result is apparently puzzling since in nontumourigenic thyroid cells CREM acts as an NUE activator (Fenton et al. 2008) . However, we have very recently shown that in tumourigenic thyroid cell lines (such as FRO) CREM acts as a repressor of NUE (Passon and Damante, 2011 unpublished data) .
Since there are differences in the chemical structure and some mechanisms of action between SAHA and VPA, our findings were not completely unexpected. Consistent with the notion that SAHA and VPA cooperate because of their structural differences and, therefore, partial different biochemical effects, we found that SAHA and TSA, both compounds being derivative of the hydroxamic acid, do not show cooperative effects on NIS gene expression. Interestingly, the cooperative effect between SAHA and VPA is also observed in terms of cell viability. Thus, our findings suggest that cocktails with different HDACi, never tested to our knowledge even in pre-clinical models of human tumours, could be effective for cancer treatment. It would result in a decrease of the effective doses, with a potential reduction or abolishment of toxicity.
Moreover, our findings provide a step forward for understanding the molecular events underlying the cooperation of SAHA and VPA on NIS gene expression. Transfection experiments indicate that cooperation between the two HDACi is not due to modifications of trans-acting factors interacting with transcriptional regulatory sequences of the NIS gene. If modifications of factors acting in trans cannot explain cooperation among the two compounds, such effect could be related to modifications of cis elements, which are not reproduced by the transfected construct. Exploration of epigenetic modifications, in particular histone acetylation and methylation, provided a possible explanation of this phenomenon. We investigated acetylation at lysines 9 and 14 as well as H3K4me3. All these modifications are associated with transcriptional activation (Santos-Rosa et al. 2002 , Rando 2007 ). Our data demonstrate that SAHA and VPA do not show cooperation in terms of H3K9K14ac levels. In contrast, our data indicate that HDACi cooperate in increasing H3K4me3 levels. Such an effect was described in the past in other experimental models and related to the effect of HDAC inhibition on histone methyltransferases and demethylases (Nightingale et al. 2007 , Huang et al. 2011 ). An interesting novelty of our data is the finding that cooperation of SAHA and VPA in increasing H3K4me3 levels occurs on distinct transcriptional regulatory elements (NIS-PBP and NIS-NUE), depending on the cell line. We found, in fact, that this kind of cooperative effects among SAHA and VPA is observed only in NIS-NUE in BCPAP cells and only in NIS-PBP in FRO cells. It appears, therefore, that enzymes controlling the trimethylation status of H3K4 act in a sequence-specific manner. This sequence specificity, however, is coupled with structure of chromosomal context because cooperation between SAHA and VPA was not detected in the episomal context. This model is in complete agreement with a mechanism recently proposed on the methylation of H3K4 (Ruthenburg et al. 2007) , suggesting that complexes of chromatin-associated proteins could be recruited to gene targets through multiple weak or transient interactions (including sequence-specific DNA binding) that together produce specificity and stable binding. According to our data, in BCPAP and FRO cells these mechanisms act in different ways, resulting in increased levels of H3K4me3 in distinct transcriptional regulatory elements of NIS gene. Effects of HDAC inhibitors on NIS gene expression . C PUPPIN and others 225
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In conclusion, we have demonstrated a cooperative action of two different HDACi (which a low selectivity for distinct HDACs) on expression of NIS gene and proliferation of thyroid tumour cells. Also the epigenetic changes at the basis of such a cooperation have been described. More selective HDACi are in development and are going to be used as anti-cancer drugs (Balasubramanian et al. 2009 ). Because of their high selectivity, these new compounds may display reduced overlap in mechanism of action, as suggested by the present finding. Moreover, in agreement with this hypothesis, very recent work has shown cooperation among selective inhibitors of class I and II HDACs in blocking osteoclast activity (Cantley et al. 2011) . Thus, definition of the molecular mechanism underlying cooperation between these new drugs may open new frontiers in the field of thyroid cancer treatment.
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